Phosphoinositide-dependent kinase-1 (PDK-1) was identified by its ability to activate protein kinase B (PKB; also known as Akt) in the presence of the phospholipid products of phosphoinositide 3-kinase (1) . Activation of PKB by PDK-1 is accompanied by phosphorylation on the activation loop residue (Thr-308) of PKB. The active conformation of PKB is stabilized by phosphorylation of Ser-473 at the C-terminal of this protein in a conserved hydrophobic motif (40) , most likely by the mammalian target of rapamycin (mTOR) complexed to Rictor (29) , although phosphorylation by DNA-PK may also occur under some circumstances (9) . Subsequent to the discovery of PDK-1 as a PKB kinase, PDK-1 has been shown to phosphorylate many other protein kinases in the AGC family, including p70 ribosomal S6 Kinase (p70 S6K ), p90 ribosomal S6 kinase (p90 rsk ), different isoforms of protein kinase C (PKCs), and serum-and glucocorticoid-stimulated protein kinase (SGK) (reviewed in reference 35) . In contrast to PKB, activation of other PDK-1 substrates does not require PtdIns (3, 4, 5) P3 binding since they lack PH domains (p70 S6K , p90 rsk , SGK, and PKCs). Instead, phosphorylation of the hydrophobic motif by distinct protein kinases creates a "docking" site for PDK-1, thereby triggering a PDK-1-mediated phosphorylation of a T-loop residue and activation of these enzymes (5, 11) . For p70 S6K , the protein kinase responsible for the phosphorylation of the hydrophobic motif site (Thr-389) is mTOR complexed to Raptor (7) .
The regulation of mTOR is complex and still not fully understood. mTOR activity depends on signals generated by both extracellular growth factors and by intracellular nutrients (10) . mTOR activity is restrained by a complex of two proteins hamartin and tuberin, the products of the TSC1 and TSC2 genes that are mutated in the inherited cancer predisposition syndrome tuberous sclerosis. This is achieved through the GTPase activating protein (GAP) domain of tuberin, which hydrolyzes GTP associated with the small GTPase Rheb, thereby inhibiting its ability to activate mTOR (13, 17) . A possible mechanism whereby growth factors induce activation of mTOR is through phosphorylation of tuberin by PKB, which antagonizes the inhibitory effect of the hamartin/tuberin complex on Rheb and mTOR (23) . However, there is also evidence that regulation of tuberin can be independent of direct phosphorylation by PKB (8) . The regulation of mTOR by nutrients is less understood, but recent evidence also points to the importance of the hamartin/tuberin complex (12, 18) , although this is also controversial (30) .
The major effect of mTOR activity within the cell is to regulate the initiation step of mRNA translation (14) . mTOR phosphorylates p70 S6K , thereby creating a docking site for PDK-1, which can then phosphorylate Thr-229 resulting in its activation. p70 S6K phosphorylates a component of the 40S ribosome, S6, which has been suggested to increase the translation of a subset of mRNAs containing a stretch of pyrimidines at their 5Ј termini (TOP mRNAs) (19) . However, this notion has been challenged (31) , and recent studies examining cells lacking both isoforms of p70 S6K show defective S6 phosphorylation, yet translation of 5Ј TOP containing mRNAs is not affected (24) . Therefore, the role of p70 S6K in mRNA translation needs to be reevaluated. The other known substrates of mTOR are three isoforms of small proteins that bind eukaryotic initiation factor eIF4E, 4EBP1, 4EBP2, and 4EBP3, of which regulation of 4EBP1 is the best understood. All nuclear transcribed mRNAs contain a 5Ј methyl GTP Cap, which bind to eIF4E. eIF4E also binds eIF4G, a scaffold protein that recruits the RNA helicases eIF4A and eIF4B, which are required to unwind the secondary structure of 5Ј untranslated regions (5ЈUTRs). 4EBP1 competes with eIF4G in binding eIF4E, thereby inhibiting translation initiation. Phosphoryla-tion of 4EBP1 by mTOR prevents binding to eIF4E, thereby increasing translation, especially of mRNAs containing a high degree of secondary structure in their 5ЈUTRs (20) . Rapamycin, a drug that modulates the ability of mTOR to phosphorylate its substrates, has been shown to have inhibitory effects on the translation of both 5Ј TOP RNAs (32) , and 5Ј capped mRNAs (4) . The identification of specific mRNAs that are translationally regulated by specific sign transduction pathways should help in unraveling how this is achieved.
Mouse embryonic stem (ES) cells lacking PDK-1 expression have been generated, in which the activity of many protein kinases in the AGC family, including PKB and p70 S6K is compromised (39) . Since both of these protein kinases have been implicated in the regulation of mRNA translation, through both mTOR and S6 phosphorylation, we investigated whether there was any defect in mRNA translation in ES cells lacking PDK-1 expression. We show that PDK-1 Ϫ/Ϫ ES cells show a defect in mRNA translation, which is most apparent in the presence of nutrients but absence of growth factors. This defect manifests both as a decrease in translation of many mRNAs, as well as increased translation of a smaller number of specific mRNAs, as identified by microarray analysis of polysomal RNAs. Analysis of specific translational targets of PDK-1 demonstrates that these require PKB activity but are less dependent on mTOR and p70 S6K . These results reveal a previously unanticipated pathway downstream of PDK-1 and PKB that regulates translation of specific mRNAs.
MATERIALS AND METHODS
Cell culture. PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells were grown on gelatinized 100-mm-diameter dishes in KnockOut Dulbecco modified Eagle medium (DMEM; Invitrogen) supplemented with 15% KnockOut serum replacement (SR; consisting of albumin, transferrin, and insulin) (Invitrogen), 0.1 mM nonessential amino acids, antibiotics (penicillin G and streptomycin), 2 mM Lglutamine, 0.1 mM 2-mercaptoethanol, and 1,000 U of ESGRO/ml (Chemicon). When indicated, cells were incubated with 100 nM rapamycin for 15 h.
Protein extraction, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Western blot analysis, and assay of protein kinases. PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells (3 ϫ 10 6 cells) were seeded into 100-mm-diameter dishes and grown in KnockOut DMEM supplemented with 15% SR for 12 h. Cells were cultured in KnockOut DMEM with or without SR for 13 h, and then cultured in KnockOut DMEM with or without 15% SR, or phosphate-buffered saline (PBS) with or without 15% dialyzed SR for 2 h. Cells were rinsed twice with PBS, and lysed in 0.5 ml of lysis buffer (50 mM Tris-HCl [pH 7.5], 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM dithiothreitol, protease inhibitor cocktail [Roche]). The homogenate was centrifuged at 12,000 ϫ g using a microcentrifuge for 10 min at 4°C. Protein concentrations were determined by DC protein assay (Bio-Rad) with bovine serum albumin as a standard. Proteins (10 g) were loaded onto a 4 to 20% polyacrylamide gel, separated, and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore). After transfer, membranes were incubated for 1 h in blocking buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1%[vol/vol] Tween 20, 5% nonfat milk). The membranes were incubated overnight at 4°C with anti-phospho-PKB (Thr308) antibody (Cell Signaling), anti-phospho-PKB (Ser473) antibody, anti-PKB antibody (Upstate), anti-phospho-p70 S6K (Thr389) antibody (Cell Signaling), anti-p70 S6K antibody (Cell Signaling), anti-phospho-S6 (Ser235/236) antibody (Cell Signaling), anti-S6 antibody (Cell Signaling), antiphospho-4EBP1 (Ser65) antibody (Cell Signaling), anti-phospho-4EBP1 (Thr37/ 46) antibody (Cell Signaling), anti-4EBP1 antibody (Cell Signaling), anti-␤-actin monoclonal antibody (Sigma), anti-Cystatin C antibody (R&D Systems), antiRab11a antibody (Zymed), and anti-RANKL monoclonal antibody (Oncogene). Immunoblot detection was carried out with a horseradish peroxidase-conjugated anti-rabbit, anti-mouse, or anti-goat immunoglobulin antibody (Amersham Biosciences) at a 1:2,000 dilution, and realized by ECL (Amersham Biosciences). Endogenous p70 S6K was immunoprecipitated from 150 g of soluble protein. Activity was assessed by using 50 M short S6 peptide (RRRLSS), 5 mM MgCl 2 , 20 M ATP, and 2.5 Ci of [␥- 32 P]ATP (Perkin-Elmer, Boston, MA) for 15 min. The reaction was terminated by adding sample buffer, and the phosphorylated peptide was resolved by SDS-PAGE. PKB was assayed in the same way, except with a rabbit polyclonal antibody generated against full-length PKB and a 30 M concentration of the peptide Crosstide (GRPRTSSFAEG) as the substrate.
RNA isolation and polysomal fractionation. A total of 90 g of cycloheximide/ml was added to PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells 10 min before harvesting. Cells were washed twice with PBS, treated with trypsin, and pelleted at 1,000 ϫ g. Cell pellets were washed twice with PBS, resuspended in 150 l of RSB (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 15 mM MgCl 2 ) containing 100 g of heparin/ml, and lysed in 1.2% Triton X-100-1.2% deoxycholate by brief mixing before and after 3 min of incubation on ice. Nuclei and cell debris were pelleted by centrifugation at 12,000 ϫ g for 3 min in a microcentrifuge at 4°C. The supernatant was diluted with an equal volume of polysomal buffer (25 mM Tris-HCl [pH 7.4], 25 mM NaCl, 25 mM MgCl 2 , 0.05% Triton X-100, 0.14 M sucrose, 500 g of heparin/ml). This was layered over 12 ml of a 5 to 56% (wt/wt) sucrose gradient. The gradients were centrifuged at 50,000 ϫ g for 150 min at 4°C in an SW40 Ti rotor (Beckman). After centrifugation, the gradients were divided into 12 fractions. RNA was isolated from each fraction by using an RNeasy minikit (QIAGEN) and quantified by absorbance at 260 nm, and fractions 4 to 7 were pooled for cRNA synthesis. RNA quality, as well as the assembly of intact ribosomes across the sucrose gradient, was monitored by using an Agilent 2100 Bioanalyzer and is shown in Fig. S1 in the supplemental material.
Affymetrix GeneChip analysis. Double-stranded cDNA was synthesized from 7 g of total or polysomal RNA from three independent cell cultures. Preparation of cRNA, hybridization, and scanning of the arrays were performed according to the manufacturer's protocol (Affymetrix). The biotin-labeled cRNA was purified by using RNeasy minikit, fragmented, and hybridized to the GeneChip Mouse Expression Array 430A (Affymetrix). The data generated from the scan were analyzed by using the robust multichip analysis (RMA). Significance analysis of microarrays (SAM) was used to examine differential expression patterns between the different groups (34) . This method uses a moderated t-statistic as a gene score. The false discovery rate (FDR) or expected proportion of false calls among genes identified as differentially expressed is estimated by using a permutation approach, based on a user-defined threshold. A 10-nearest-neighbor imputation engine was applied to estimate missing data, and 1,000 permutations were carried out to estimate the FDR.
Quantitative real-time PCR of total and polysomal RNA. Total RNA was purified from PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells by using the Agilent RNA purification kit (catalog no. 5185-600) according to the manufacturer's instructions. Polysomal RNA was purified as described above and precipitated with LiCl (2 M final concentration) overnight on ice. The pellet was washed twice with 70% ethanol and resuspended in RNase-free H 2 O. Then, 500 ng of polysomal RNA and 500 ng of total RNA were used for first-strand cDNA synthesis, and genespecific primers were used to amplify each target cDNA. Real-time formation of product was monitored in an ABI 4700 analyzer through the hybridization of specific internal fluorescent probes (primers and internal fluorescent probes purchased from Applied Biosystems, Inc., and the sequences are available on their website). Ratios were calculated by subtracting the cycle threshold (C T ) of the polysome target gene from the C T of either hGUS present in the polysomes or the C T of the target mRNA amplified from total mRNA. The resulting difference in cycle number (⌬C T ) is the exponent of the base 2 (because of the doubling function of PCR), representing the fold difference of the template for these two genes.
Protein half-life determinations. PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells were grown in KnockOut DMEM with 15% SR for 30 h and then serum starved for 15 h. Cells were then exposed to 20 g of cycloheximide/ml, and lysates were prepared after 15, 30, 60, 120, and 180 min. Western blot analysis was performed to determine the levels of cystatin C, Rab 11a, and RANKL.
Metabolic labeling. PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells (3 ϫ 10 6 cells) were seeded into 100-mm dishes, grown in KnockOut DMEM with 15% serumreplacement for 12 h, and then serum starved for 13 h. Cells were preincubated at 37°C for 2 h in methionine/cysteine-free DMEM (Invitrogen). [ 35 S]Methionine-[
35 S]cysteine mixture (Perkin-Elmer Life Sciences) was added for 10, 20, and 40 min, and cells were washed twice with PBS. The cells were lysed in 0.4 ml of lysis buffer (50 mM Tris-HCl [pH 7.5], 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM DTT, protease inhibitor cocktail). The supernatant was recovered after centrifugation for 10 min at 4°C. Cell extracts (5 g) were loaded onto a 4 to 20% polyacrylamide gel, separated by SDS-PAGE, and stained with Coomassie brilliant blue. After Coomassie brilliant blue staining, the gel was dried onto 3MM paper and subjected to autoradiography. Radioactivity associated with cellular proteins was quantified by using ImageQuant software. For the immunoprecipitation analysis, were incubated 2 h at 4°C with the antibodies against cystatin C, Rab11a, and ␤-actin. The immunoprecipitates were collected by using protein G-Sepharose 4 fast flow (Amersham Biosciences), resolved by SDS-PAGE as described above, and exposed to film for autoradiography. For trichloroacetic acid (TCA) precipitation, 100 l of 20% TCA was mixed with 40 g of soluble protein, followed by incubation on ice for 1 h. Then, 10 l was spotted onto 0.22-m-pore-size GS Millipore membranes, and the membranes were vacuum filtered and washed twice with 10% TCA and once with 100% ethanol. The membranes were dried, and precipitated 35 
RESULTS
To analyze PKB and mTOR-dependent signaling in PDK-1 Ϫ/Ϫ ES cells in response to growth factors and nutrients, we assayed PKB and p70 S6K phosphorylation and activation, as well as 4EBP1 phosphorylation. As previously demonstrated (39) , phosphorylation of PKB on Thr-308 and PKB activity were both severely restricted in PDK-1 Ϫ/Ϫ ES cells under all growth conditions (Fig. 1A) . Phosphorylation of PKB on Ser-473 in PDK-1 Ϫ/Ϫ cells was identical to PDK-1 ϩ/ϩ cells under all conditions examined, supporting the notion of an independent protein kinase phosphorylating this site, putatively Rictor/ mTOR (29) , but inconsistent with this being mediated by PDK-1 (2) or PKB itself (33) . Activation of p70 S6K and its phosphorylation on Thr-389 was abolished in the PDK-1 Ϫ/Ϫ ES cells (Fig. 1B) , similar to previous findings (39) . PKB and p70 S6K phosphorylation and activity in PDK-1 ϩ/ϩ ES cells were stimulated by the presence of growth factors (ES cell SR), as expected. Unexpectedly, when cells were grown in the absence of nutrients (Knockout DMEM) and growth factors, PKB phosphorylation on both sites, and its activity, was abolished not only in PDK-1 Ϫ/Ϫ ES cells but also PDK-1 ϩ/ϩ ES cells (Fig. 1A) . This is in contrast to the regulation of mTOR activity, which required only the loss of nutrients to inhibit the phosphorylation of its targets p70 S6K and 4EBP1 ( Fig. 1B and  C) . Unlike PKB and p70 S6K , 4EBP1 phosphorylation was largely unaffected in PDK-1 Ϫ/Ϫ ES cells, as judged by both phospho-specific antibodies directed against Ser-65, and the mobility of total 4EBP1 (Fig. 1C) . This suggests that the contribution of PDK-1 and PKB to mTOR activity in ES cells growing under these conditions is not significant. Although the kinase(s) that mediates Thr-389 phosphorylation of p70 S6K is not fully characterized, the finding that Thr-389 phosphorylation is severely reduced in the face of normal 4EBP1 phosphorylation suggests that mTOR is not the sole mediator of this event. Whether PDK-1 phosphorylates Thr-389 directly, as proposed by one group (3), or in combination with PKC, or partially through autophosphorylation (27) in ES cells has not yet been determined.
To examine whether PDK-1 contributes to the regulation of mRNA translation, we analyzed the accumulation of polyribosomes onto mRNAs (polysomes) in PDK-1 ϩ/ϩ and PDK-1 1 and 2) . SR was withdrawn for 13 h (lanes 3 and 4), and cells were transferred to PBS for 2 h either in the presence (lanes 5 and 6) or absence (lanes 7 and 8) of SR. Cells were lysed, and 10 g of total soluble proteins was separated by SDS-PAGE, transferred to PVDF membranes, and Western blotted with phospho-antibody and total PKB antibody (upper panels). Then, 150 g of soluble protein was used to immunoprecipitate endogenous PKB, which was subjected to a kinase assay using the peptide substrate Crosstide (lower panel). (B) Lysates were prepared in the same way as in panel A, except that PVDF membranes were probed with phospho-antibody and total p70 S6K antibody and with phospho-antibody and total S6 antibody (upper panels). Then, 150 g of soluble protein was used to immunoprecipitate endogenous p70 S6K , which was subjected to a kinase assay using the peptide substrate RRRLSS (lower panel). (C) Lysates were prepared in the same way as in panel A, except that PVDF membranes were probed with phospho-antibody, total 4EBP1 antibody, and ␤-actin antibody. ES cells under the conditions of nutrient and growth factor depletion described above. When cultured in medium containing both nutrients and growth factors, approximately equal amounts of cellular RNA were distributed between polysomes and subpolysomes (containing monosomes and free RNA) in both cell types ( Fig. 2A) . Depletion of nutrients has a strong effect on the proportion of RNA associated with polysomes in both PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells (compare Fig. 2A and  C) . Similarly, further depletion of growth factors from nutrient-deprived cells leads to an additional decrease in the polysome content from both cell types (Fig. 2D) . Interestingly, when cells were cultured in the presence of nutrients but in the absence of growth factors, there was a difference between these two cell types in the amount of RNAs associated with polysomes, with PDK-1 Ϫ/Ϫ cells showing a decrease relative to PDK-1 ϩ/ϩ ES cells (Fig. 2B) . We repeated this experiment three times and demonstrated a statistically significant decrease of 25% in the amount of RNA associated with polysomes in the PDK-1 Ϫ/Ϫ ES cells (Fig. 2E ). This small difference in polysomes in the PDK-1 Ϫ/Ϫ ES cells could therefore be due to either a global decrease in translation of all RNAs in these cells, a strong decrease in specific RNAs, or a combination of both. To initially test these hypotheses, we incubated PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells with medium containing 35 S-labeled methionine and cysteine for increasing times to monitor the accumulation of all newly synthesized proteins. Figure 3A shows that, despite equal amounts of protein loaded from these two cell types, PDK-1 Ϫ/Ϫ ES cells showed a decrease in the global translation of many proteins. Translation of all proteins detected by SDS-PAGE was quantitated, and the results are shown in Fig. 3B , giving an average decrease in global translation in PDK-1 Ϫ/Ϫ ES cells of 33%. Global translation was also measured by precipitating cellular proteins by using TCA. This method also confirmed an average decrease in the rate of translation in PDK-1 Ϫ/Ϫ ES cells of ϳ24% (Fig. 3C ). This decrease in translation was not due to differences in cellular uptake of 35 S-labeled methionine and cysteine between these two cell lines (Fig. 3D) . Rapamycin is a small molecule that inhibits the ability of mTOR to phosphorylate its substrates p70 S6K and 4EBP1 (see Fig. 6B ). Rapamycin inhibited mRNA translation in this assay, although to a lesser extent than loss of PDK-1 (Fig. 3A and B) . Rapamycin also inhibited the accumulation of polyribosomes, in both PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells (see Fig. S2 in the supplemental material).
To determine which mRNAs were most dramatically translationally regulated in a PDK-1-dependent manner, we purified the RNAs present in the polysome fractions from PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells grown in the presence of DMEM and absence of SR and made biotinylated cRNA for hybridization onto Affymetrix microarrays. For comparison, we also purified total RNA from both cell types and made biotinylated cRNA in the same manner. Triplicate samples for each condition were then hybridized to Affymetrix mouse 430A arrays representing ϳ20,000 mouse genes. The SAM method was used to assess for statistically significant differential expression between the polysomal RNA pools of PDK-1 Ϫ/Ϫ versus PDK-1 ϩ/ϩ ES cells. There were a total of 331 probes differentially expressed between these two pools. From these, 110 probes were highly over-represented and 221 were highly under-represented in the PDK-1 Ϫ/Ϫ polysomal RNA pool, with an FDR of 0.26% (i.e., we expect less than 1 false discovery among the 331 differentially expressed probes). Analysis of total RNA purified from PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells showed that many genes were highly differentially expressed between these two cell types. Using the same FDR, a total of 4,838 probes were identified as differentially expressed. From these, 2,410 were highly overexpressed and 2,428 were highly underexpressed in the PDK-1 Ϫ/Ϫ ES cells. Of the 110 over-represented probes in the PDK-1 Ϫ/Ϫ ES cell polysomes 80 were also increased in the total RNA pool, and of the 221 under-represented probes in the PDK-1 Ϫ/Ϫ ES cell polysomes 138 were also decreased in the total RNA pool. Therefore, this cursory analysis indicates that 30 probes (representing 27 distinct RNAs/genes) were identified as translationally upregulated in the PDK-1 Ϫ/Ϫ ES cells, while 78 probes (representing 72 distinct genes) were identified as translationally downregulated in the PDK-1 Ϫ/Ϫ ES cells. These genes, and their fold regulation, are listed in Tables S1 and S2 in the supplemental material.
We first validated the differential association of six of these mRNAs with the polysomes of PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells: three that showed increased association with polysomes and three that showed decreased association with polysomes. We applied quantitative real-time PCR to polysomal and total
FIG. 2. Association of RNAs with polysomes in PDK-1
ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells. Lysates from PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells cultured in the presence or absence of DMEM and SR were layered on top of 5 to 56% (wt/wt) sucrose gradients. After centrifugation, 1-ml fractions were collected (fraction 1 ϭ 56% sucrose, fraction 12 ϭ 5% sucrose) and used to purify RNA, which was measured by absorbance at 260 nm. Fractions 5 and 6 represent polysomal RNA, and fractions 9 and 10 represent free or monosomal RNA. RNA isolated from these cells. This analysis demonstrated that all three of the mRNAs that showed increased association with polysomes in the PDK-1 Ϫ/Ϫ ES cells (ATF4, BMP4, and Id4), as measured by microarray analysis, also showed increased polysome association by using Q-PCR (see Fig. S3 in the supplemental material). Of the three mRNAs identified by Affymetrix analysis as being downregulated in the polysomes of PDK-1 Ϫ/Ϫ ES cells (cystatin C, RANKL, and IGF1), two also showed downregulation when normalized to an internal standard gene hGUS and two showed downregulation when normalized to total mRNA levels. The lack of apparent polysomal downregulation of cystatin C in this analysis is likely due to the fact that the hGUS standard is also downregulated in the polysomes of PDK-1 Ϫ/Ϫ ES cells (data not shown). The lack of apparent polysomal downregulation of IGF1 in PDK-1 Ϫ/Ϫ ES cells when normalized to total mRNA is due to the fact that IGF1 was strongly transcriptionally downregulated in PDK-1 Ϫ/Ϫ ES cells, something that was not apparent from the microarray analysis. The reason for this discrepancy is unknown, but in general the Q-PCR results validate the microarray data quite well.
We next validated the translational regulation of some of these RNAs more directly based on the availability of relevant antibodies and their ability to detect the respective protein by immunoprecipitation or Western blotting in ES cells. Figure  4A , C, and E show the levels of cystatin C, Rab11a, and RANKL RNAs in both the total RNA fraction and the polysomal RNA fractions in PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells. Figure 4B and D indicate the translation rate of these proteins as measured by immunoprecipitation from metabolically labeled cells at the indicated time points. Figure 4F ES cells relative to PDK-1 ϩ/ϩ ES cells, a finding consistent with the decreased translation rates of these proteins in PDK-1 Ϫ/Ϫ ES cells (Fig. 4G ). To confirm that the different levels of these proteins were not due to changes in their stability, we 35 S-labeled methionine-cysteine. Cells were harvested after the indicated times, and lysates were used to immunoprecipitate cystatin C (B), Rab11a (D), or ␤-actin (F). The immunoprecipitates were then separated by SDS-PAGE and dried on 3MM paper; the incorporated radioactivity was measured by phosphorimager analysis, followed by quantitation by ImageQuant software. (G) PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells were cultured in DMEM in the presence or absence of SR. Then, 10 g of soluble proteins was separated by SDS-PAGE, transferred to PVDF membranes, and immunoblotted with antibodies against cystatin C, Rab11a, RANKL, and ␤-actin.
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on April 29, 2014 by PENN STATE UNIV http://mcb.asm.org/ also analyzed their stability after addition of cycloheximide. Figure 5 shows that cystatin C has an almost identical half-life of 33 min in both PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells. Although Rab11a and RANKL had longer half-lives, making quantitation difficult under the time course performed, they did not show obvious differences in their stabilities in PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells. Although cystatin C, Rab11a, and RANKL showed decreased protein levels consistent with their downregulation in polysomes of PDK-1 Ϫ/Ϫ ES cells, two other proteins (IGFBP5 and Dikkopf-1), whose mRNAs were also downregulated did not show a consistent decrease. Potential reasons for this are described in the Discussion. The levels of the two proteins we examined whose mRNAs showed in increased association with polysomes (ATF4 and Id4) showed only a small, but reproducible increase in total protein levels. IGF1 protein levels are also decreased in PDK-1 Ϫ/Ϫ ES cells, as expected from their strong transcriptional downregulation (see Fig. S4 in the supplemental material) .
Next, we addressed the pathways downstream of PDK-1 that could account for the observed regulation of mRNA translation. We used rapamycin to inhibit mTOR activity to determine whether this would mimic the effects seen in the PDK-1 Ϫ/Ϫ ES cells. Surprisingly, rapamycin treatment of PDK-1 ϩ/ϩ ES cells caused no decrease in the steady-state levels of cystatin C, Rab11a, or RANKL and in fact resulted in small increases in these proteins (Fig. 6A and B) . As expected, rapamycin effectively inhibited the phosphorylation of p70 S6K , ribosomal protein S6, and the translational repressor 4EBP1 (Fig. 6C) . We hypothesized that PKB was an important mediator of PDK-1 activity in regulating the observed effects on mRNA translation. Therefore, we examined the effect of stably expressing a form of PKB that does not require PDK-1 for its activity (Thr308Asp/Ser473Asp, termed DD-PKB) in the PDK-1 Ϫ/Ϫ ES cells. Expression of DD-PKB at about the same levels as endogenous PKB increased the protein levels of cystatin C, Rab11a, and RANKL (Fig. 6A) . DD-PKB expression slightly and variably increased the phosphorylation of p70 S6K and 4EBP1 but had no effect on the phosphorylation of ribosomal protein S6 (Fig. 6B) , as expected based on the absolute dependence of p70 S6K phosphorylation on Thr-229 by PDK-1 for activation. Given the involvement of PKB in regulating the levels of cystatin C, Rab11a, and RANKL, the increase in these proteins seen after treatment with rapamycin may be due to the inhibition of PKB activity caused by p70 S6K activity (22) . To further validate a role for PKB in mediating the translational regulation in PDK-1 ϩ/ϩ ES cells, we treated these cells with LY294002. This compound inhibits phosphoinositide 3-kinase activity (36) , resulting in inhibition of PKB phosphorylation (Fig. 6C) . LY294002 is also an equipotent inhibitor of mTOR (6) , resulting in dephosphorylation of its targets 4EBP1 and p70 S6K (Fig. 6C) . LY294002 also inhibited the expression of cystatin C, RANKL, and Rab11a in PDK-1 ϩ/ϩ ES cells (Fig.  6A) . To confirm that the effects observed on the total protein levels of these PDK-1 targets were mediated through regulation of their translation, we again performed an analysis of [ 35 S]methionine incorporation. Figure 6D demonstrates that rapamycin treatment has no effect on the [
35 S]methionine incorporation of cystatin C or Rab11a. However, the defective translation of cystatin C and Rab11a observed in the PDK-1 Ϫ/Ϫ ES cells are reversed upon stable expression of DD-PKB ( Fig. 6E ; see also Fig. S5 in the supplemental material) .
DISCUSSION
In this study, we examined the properties of ES cells lacking PDK-1 expression with respect to mRNA translation. These experiments were prompted by the previously published defects in signal transduction pathways in PDK-1 Ϫ/Ϫ ES cells, many of which are thought to be important in regulating translation initiation. These include the lack of PKB activity in these cells (39) , which could inhibit mTOR activity, due to a failure to inactivate the tuberin/hamartin complex (23) . For example, in mouse embryo fibroblasts lacking PKB␣ and PKB␤, both basal and serum stimulated 4EBP1 phosphorylation was reduced, and basal (though not serum stimulated) p70 S6K phosphorylation was also reduced (25) . In addition, p90 rsk , which is inactive in the PDK-1 Ϫ/Ϫ ES cells (39) , has also been shown to phosphorylate tuberin and contribute to its inactivation by mitogens (28) . Surprisingly, however, there is little difference in mTOR activity in PDK-1 Ϫ/Ϫ ES cells compared to PDK-1 ϩ/ϩ ES cells, as judged by the phosphorylation of 4EBP1 using both mobility and phospho-specific antibodies. Under conditions of nutrient deprivation in the presence of growth factors, a slight difference in the phosphorylation of 4EBP1 was detectable between these two cell types (Fig. 1C) , but under all other growth conditions this difference was not ap- (37) . This suggests that the contribution of PKB activity to mTOR activity is different between various cell types and under distinct culture conditions. The other major target of PDK-1 that would be predicted to affect mRNA translation is p70 S6K . Phosphorylation of ribosomal protein S6 was undetectable in PDK-1 Ϫ/Ϫ ES cells, most likely due to the complete absence of p70 S6K activity. Phosphorylation of S6 by p70 S6K has been suggested to play a critical role in promoting the translation of a subset of mRNAs containing a stretch of pyrimidines at their 5Ј termini (19) . These mRNAs encode many components of the protein synthesis machinery and are translationally upregulated in response to growth factors. However, more recent evidence has questioned the importance of S6 phosphorylation in the translation of these mRNAs (31) , making the current role of p70 S6K in mRNA translation, if any, unknown. Nevertheless, PDK-1 Ϫ/Ϫ ES cells show a clear defect in mRNA translation, as assessed by incorporation of radiolabeled methionine/cysteine, by precipitation of radioactive proteins with TCA, and by association of RNAs with polysomes. This latter defect was only apparent in cells grown in the presence of nutrients but the absence of growth factors. Whether this suggests that PDK-1 plays an important role in the signaling pathways initiated by nutrients or that growth factors can instigate alternative pathways that bypass the requirement for PDK-1 in mRNA translation remains to be elucidated.
As well as a global defect in the translation of many mRNAs, we also showed that a smaller number of mRNAs were more dramatically dissociated from polysomes in PDK-1 Ϫ/Ϫ ES cells. Also some mRNAs actually showed an increased association with polysomes. The altered association of specific mRNAs with polysomes identified by microarray analysis was generally validated by using quantitative PCR. We were only able to validate a small proportion of the targets identified at the protein level due to limited availability of commercial antibodies appropriate for Western blotting and immunoprecipitation. Nevertheless, of five proteins we examined, whose mRNAs were decreased in polysomes of PDK-1 Ϫ/Ϫ ES cells, three (cystatin C, Rab11a, and RANKL) showed consistently lower expression. In contrast, Dikkopf and IGFBP5 (shown in Fig. S2 in the supplemental material) did not show consistently decreased expression levels. Upon closer inspection of the data we noticed that Dikkopf is actually identified by SAM analysis as an RNA that is increased in the total RNA pool. Therefore, conflicting transcriptional and translational regulation may prevent reproducible changes in protein levels. In addition, the levels of IGFBP5 RNA present in the polysomal fraction are extremely low in the polysomes from both PDK-1 ϩ/ϩ and PDK-1 Ϫ/Ϫ ES cells, suggesting that the differences may not be significant. Although the RANKL antibody generated acceptable Western blotting data, it was unusable for immunoprecipitation. However, we demonstrated that the decreased expression of cystatin C and Rab11a was indeed due to decreased translation rates, and not due to changes in mRNA levels or protein stability.
We are currently trying to understand the mechanism(s) underlying the decreased translation rates of these mRNAs in PDK-1 Ϫ/Ϫ ES cells. Examination of the 5ЈUTRs of the 20 mRNAs that showed the most dramatic downregulation in the polysomal fraction of PDK-1 Ϫ/Ϫ ES cells did not show any obvious conserved elements. The lengths of the 5ЈUTRs were highly heterogeneous, ranging from no apparent 5ЈUTR (C80829) to 383 nucleotides with a ⌬G of Ϫ164 (AK089060) (5ЈUTRs defined by the UCSC genome browser). Significantly, none of the PDK-1 regulated translational targets possessed a polypyrimidine tract at their 5Ј terminus. This is in contrast to the large number of 5Ј TOP mRNAs that were identified from Jurkat cells treated with rapamycin (15) , and consistent with TOP RNA translation being rapamycin sensitive, but independent of p70 S6K activity. Rapamycin also did not affect the expression levels of cystatin C, Rab11a, and RANKL in PDK-1 ϩ/ϩ ES cells, despite inhibiting S6 phosphorylation and 4EBP1 phosphorylation (Fig. 6B) . Rapamycin also did not affect the translation rate of cystatin C or Rab11a (Fig. 6C) . Consistent with this, cystatin C was also noted as an RNA that was translationally unaffected in rapamycin-treated Jurkat T cells (15) . Therefore, our evidence suggests that neither mTOR nor p70 S6K account for the deregulated translation of these proteins in PDK-1 Ϫ/Ϫ ES cells. Instead, it appears that PKB is the relevant downstream effector of PDK-1 in this process. When a form of PKB that does not require PDK-1 for activity (Thr-308Asp/Ser-473Asp) was stably expressed in PDK-1 Ϫ/Ϫ ES cells, the protein levels of cystatin C, Rab11a, and RANKL were restored, which appears be to be due to a restoration in the rate of translation, at least for cystatin C (Fig. 6) . Consistent with this, LY294002, which inhibits PKB phosphorylation and activity in ES cells, also decreases the expression levels of these proteins. We are currently examining which downstream substrates of PKB are important for this process.
In addition to mRNAs showing decreased translation, a small number of mRNAs showed an increased association with polysomes in PDK-1 Ϫ/Ϫ ES cells. One of these, ATF4, has previously been shown to be regulated at the level of translation (16) . Murine ATF4 contains a relatively long 5ЈUTR (594 bp), with three upstream AUGs. It has been proposed that these upstream AUGs maintain a low basal rate of ATF4 translation, which is derepressed under conditions that cause phosphorylation of eIF2␣ (16) . Phosphorylation of eIF2␣ causes a global inhibition of protein synthesis by blocking the ability of eIF2B to initiate GDP/GTP exchange on eIF2␥. The decreased activity of eIF2 may facilitate translation of specific mRNAs containing upstream open reading frames (ORFs) by allowing inefficient ribosome scanning to bypass the inhibitory upstream ORFs. Interestingly, an isoform of eIF2␥ was highly dissociated from polysomes in the PDK-1 Ϫ/Ϫ ES cells, potentially explaining why translation of ATF4, and maybe other mRNAs possessing upstream ORFs, preferentially occurs in these cells. Another explanation for the increased translation of ATF4 seen in the PDK-1 Ϫ/Ϫ ES cells could be through activation of GSK3 in these cells due to the lack of inhibitory phosphorylation by PKB (39) . GSK3 has previously been shown to regulate translation initiation through phosphorylating and inhibiting the ε subunit of eIF2B (38) . Therefore, GSK3 represents an attractive target of PKB in mediating these effects, which will be explored in future studies.
In contrast to the lack of overlap between the mRNAs regulated translationally in PDK-1 Ϫ/Ϫ ES cells and in rapamycin-treated Jurkat cells, there were several mRNAs that were commonly regulated between PDK-1 Ϫ/Ϫ ES cells and Ras/ PKB-expressing glial cells. For example, BMP4 was decreased in the polysomes of Ras/PKB expressing glial cells relative to nonexpressing cells and increased when these cells were treated with LY294002 and rapamycin (26) . BMP4 was the most upregulated mRNA in polysomes of PDK-1 Ϫ/Ϫ cells (see Table S2 in the supplemental material). Similarly, IFGBP5 translation was decreased when Ras/PKB cells were treated with LY294002 and rapamycin (26) , and IGFBP5 was downregulated in PDK-1 Ϫ/Ϫ ES cell polysomes (Table S1 in the supplemental material).
Although translation is considered an important mechanism for the regulation of protein expression, the identification of the mRNAs affected and sequences responsible for such regulation have been more difficult to identify. The advent of microarray technology combined with polysomal purification of actively transcribed RNAs provides an exciting opportunity to study this phenomenon in more detail. The emerging evidence for the importance of deregulated translation in human disease will likely spur future such studies. The tuberous sclerosis complex (TSC) syndrome is likely to be a disease driven by deregulated translation due to the increased activity of mTOR in these patients (21) . An identification of the mRNAs that are increased translationally in response to this pathway is likely to generate novel targets that could be inhibited to prevent tumorigenesis. Although mTOR can currently be inhibited by rapamycin and its analogues, these agents will be ineffective in tumors that show deregulation downstream of this protein, for example, overexpression of eIF4G seen in breast cancers (1) . In contrast, understanding the translational consequences of deregulated mTOR activity will provide a better framework for the understanding and treatment of a larger number of human tumors.
